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SUMMARY

Flight calibration data obtained from radar and rawinsonde balloon measure-
ments to define position error are presented for static pressures sensed by a
standard NACA pitot-static tube attached to a nose boom and a fuselage nose
flush static system. The data for the two systems are compared from low sub-
sonic speeds to 3.31, the highest comparable Mach number. Flight calibration
data for subsonic and supersonic speeds are also presented and discussed for a
pitot probe ahead of the canopy of the X-15.

Stagnation pressures from the pitot probe were found to be very sensitive
to angle of attack above a Mach number of 1.8, since the probe is not located
ahead of the aircraft bow wave. Above the transonic region, the Mach number and
pressure-altitude errors resulting from nose-boom static-pressure errors
increased with Mach number. At a Mach number of 3.31 (the highest Mach number
attained with the nose-boom installation) the absolute Mach number error was
0.18, and the absolute pressure-altitude error was 2,200 feet. Although the
nose-boom errors were relatively independent of angle of attack up to 12°, the
flush static errors were significantly dependent on angle of attack as evidenced
by the corresponding absolute Mach number and pressure-altitude errors resulting
from this system at a Mach number of 3.31. At zero angle of attack the error
was 0.88 in Mach number and 12,400 feet in pressure altitude; whereas, at an
angle of attack of 12° the errors were, respectively, 0.50 and 6,300 feet.
Similar to the nose-boom installation above the transonic region, the Mach
number and pressure-altitude errors of the flush static system increased with
Mach number. The errors at a Mach number of 4.0 for an angle of attack of 0O°
resulted in Mach number and pressure-altitude errors of 1.25 and 15,200 feet,
respectively.

This study indicated that a nose-boom static-pressure installation is more
suitable from the standpoint of position error and ease of calibration than a
flush static system in the speed range from low subsonic to the highest Mach
number (3.31) investigated with the nose-boom installation.



INTRODUCTION

Pilot presentation of airspeed and altitude quantities is usually provided
by pressure-type sensors. The primary error associated with pressure measure-
ments on aircraft is generally position error, or error resulting from the
disturbance at the pressure source caused by the interference of the aircraft on
the flow field.

Two pressure-type airspeed-altitude systems have been used for pilot
presentation in the X-15 flight research program. Static-pressure position-
error calibration data have been obtained for both of these systems at subsonic
and supersonic speeds.

The first system investigated was a nose-boom installation which provided
both static-pressure and stagnation-pressure sensing. Limited data from this
gsystem are presented in references 1 and 2, which report the methods used in
determining the maximum Mach number (3.31) and maximum altitude (136,500 ft)
attained with the system. The second system investigated incorporates two mani-
folded fuselage flush static orifices and a pitot probe located ahead of the
canopy .

Both systems were intended primarily as sources for pressure altitude and
airspeed information for the pilot during landings; however, they have been used
on a limited basis at higher speeds to supplement other available airspeed-
altitude information to the pilot.

Calibration data have been obtained with the X-15 airplane at speeds
greater than for any other manned aircraft. For application to the design of
high-speed airspeed-altitude systems, this paper presents static-pressure
calibration data for the two systems investigated to illustrate inherent
position-error characteristics of these types of installations, especially at
supersonic speeds. The methods used to obtain the static-pressure calibration
differ from those used in previous Flight Research Center investigations (refs. 3
and 4) because of the high performance at which the X-15 data were obtained.
Details of the methods are included in this paper. Inasmuch as the flush static
source was not positioned for use at supersonic speeds, other possible locations
for supersonic use are discussed with the aid of X-15 model wind-tunnel data.

In addition, stagnation-pressure position error evidenced from the probe ahead
of the canopy is presented for both subsonic and supersonic speeds.

SYMBOLS
C static-pressure coefficient Lp
1Y ’ g

pressure altitude above mean sea level, ft

error in standard pressure altitude due to static-pressure error
(true minus indicated)

N .dg '_d':r‘



M free-stream Mach number

M! indicated Mach number

AM Mach number error (M' - M)

D free-stream static pressure, 1lb/sq ft

p' indicated static pressure, 1b/sq ft

Ap static-pressure error (p' - p), 1b/sq ft

Pi stagnation pressure, lb/sq ft

Apt stagnation-pressure error (indicated minus true), lb/sq ft

a dynamic pressure, 1b/sq ft

da true impact pressure (py - p), 1b/sq Tt

t time, sec

b'd longitudinal distance from tip of nose of airplane to survey location,
in.

a angle of attack, deg

B angle of sideslip, deg

7 ratio of specific heats for air

) meridian angle, measured from bottom fuselage centerline, deg

Subscripts:

b measurement from ball nose

n measurement from nose boom

P measurement from pitot probe

ATRPLANE

The X-15 is a single-place, rocket-powered research alrplane capable of
speeds over 6,000 feet per second and altitudes greater than 300,000 feet.
Carried under the wing of a modified B-52 aircraft, the X-15 is launched at an
altitude of about 45,000 feet. Figures 1 and 2 are photographs of the airplane
showing the nose boom and ball nose, respectively. Figure 3 is a three-view
drawing of the X-15 with the ball-nose installation.



Airspeed-Altitude Instrumentation

Nose boom.- In early tests, the X-15 airplane was equipped with a standard
NACA pitot-static tube. Figure 4 shows a bottom view of the detached tube.
Dimensions of the tube, diameters, and arrangements of the static orifices are
presented in reference 5. The static orifices used for recording purposes were
located 63 inches forward of the tip of the aircraft nose. The stagnation-
pressure head, which is relatively insensitive to angle of attack up to 32°, was
the A-6 type discussed in reference 6.

Flush static system.- A flush static system, consisting of two manifolded
orifices on the sides of the fuselage, 50 inches rearward of the leading edge of
the ball nose and 2 inches above the centerline, was provided for pilot use on
landings after the nose boom was replaced by the ball nose (described below) .
The orifices were located to provide minimum errors over the speed and angle-of-
attack ranges experienced during landings.

Pitot probe.- Since the removal of the nose boom, the stagnation-pressure
source of the pilot's subsonic airspeed-altitude system has been a pitot probe
located directly ahead of the canopy, 70 inches rearward of the nose (fig. 5).

Ball nose.- The ball nose (fig. 6), which replaced the X-15 nose boom, is
a spherical pressure-nulling type of airflow sensor (ref. 7) designed for opera-
tions at the high temperatures associated with aerodynamic heating and at low
dynamic pressures. Of the five pressure orifices on the "ball," only the
stagnation orifice was used for recording pressures.

Recording.- NACA aneroid absolute- and differential-pressure recorders
were used to record static and differential pressures. Each pressure was
recorded on both a high and low range cell of O to 30 inches and O to 3 inches
of mercury. For some flights, sensitive differential cells (20 to 3 inches of
mercury) were used to measure the pressure difference between the ball nose and
the pilot's pitot probe. For calculating Mach numbers, differential cells were
used to measure impact pressures. For the ball-nose configuration, the cells
were hooked up between the ball-nose stagnation-pressure port and the flush-
static orifices.

METHODS AND PRECISION

Comparison of Calibration Methods

X-15 airspeed calibration data were obtained by use of radar and rawinsonde
instruments. Radar data were provided by two of the three AFMIC-Mod II radars
(modified SCR-58L4 radars) located on the X-15 High Range, one at the Flight
Research Center and the other at Beatty, Nev. AN/GMD-1A rawinsonde measure-
ments were obtained primarily by the Edwards rawinsonde station, operated by
the U. S. Air Force Air Weather Service.



Radar errors.- Recent studies indicate that for typical X-15 high-
performance flights radar velocities are determined to accuracies of 50 to
75 feet per second by comparing the data obtained simultaneously from the two
Mod II radars. Similarly, altitude accuracies are within about 1,000 feet when
optical boresight corrections are unavailable. For lower-performance and,
hence, shorter-range flights for which optical boresight corrections are avail-
able, the altitude accuracies are within about 100 feet (ref. 3).

Rawinsonde errors.- Reference 8 specifies that the standard deviation error
in radiosonde temperature measurements is near 1° C for altitudes up to approx-
imately 50,000 feet; for above 50,000 feet, reference 9 states that the errors
are within 1.5° C to 2.0° C. The accepted value in the standard deviation of
the radiosonde pressure error is 3 millibars below 50,000 feet and somewhat less
above 50,000 feet (ref. 8). Accuracy of rawinsonde wind-speed data is dependent
on the attitude and elevation angle at which the data are recorded. According
to reference 10, the accuracy of wind speed from the AN/GMD-1A set for an
altitude of 50,000 feet is 1.8 knots, 7 knots, and 16 knots at elevation angles
of 20°, 10°, and 6°, respectively.

Calibration methods.- Two methods are used in applying the radar and
rawinsonde data to determine static-pressure error for calibrating the X-15
alrspeed-altitude installations. The radar-phototheodolite method, referred to
herein as the radar method, is described in references 3 and 11l. This method
correlates the altitude of the aircraft obtained by radar with ambient pressure
ascertained from radiosonde measurements. The Btatic pressures are then
compared to the values of static pressures recorded in flight. Inasmuch as the
nose-boom stagnation-pressure errors may be considered negligible for most flow
conditions (see refs. 5, 6, 12, and 13), the ratio of stagnation or impact
pressure to static pressure may be used to derive true Mach number.

The resolving power limit of the phototheodolite system was reached as a
result of the expansion of the performance envelope. Therefore, most of the
airspeed nose-boom calibration data, especially at the higher speeds, were
obtained without boresight corrections.

The other method, referred to herein as the sonic method, determines Mach
number by using the ratio of true velocity to the speed of sound based on
ambient temperature from radiosonde measurements. Velocity, referenced to the
ground, and altitude are obtained by radar. Winds and air temperature as
functions of geometric altitude are obtained by rawinsonde measurements from
which true velocity and speed of sound are determined in conjunction with radar
measurements.

Comparison of calibration methods.- Figure 7 presents a comparison of
approximate Mach number errors for various Mach numbers and pressure altitudes
for both methods. For the radar method the following two errors were assumed:

a 1,000-foot error in radar altitude, and a static-pressure error corresponding
in part to a 1,000-foot radar error, and, in addition, to errors in the radio-
sonde pressure survey (an error that varies with altitude, estimated as *250 feet
at 50,000 feet and *#500 feet at 100,000 feet). For the sonic method, a constant
velocity error of 50 feet per second and a constant temperature error of 2° C
were assumed. Wind-velocity error is assumed to be negligible, since the




prevailing wind directions encountered during X-15 flights have been nearly
normal to the flight path. For the error analysis, temperature and pressure
values as a function of altitude were taken from reference 1kh.

Figure 7 shows that both methods are fairly insensitive to altitude and
that the radar method is considerably more sensitive to Mach number than is the
sonic method. The sonic method gives more accurate results than the radar
method for Mach numbers slightly in excess of 2. Also, although not taken into
account in figure 7, the radar method is increasingly affected by pressure lag
as altitude increases, whereas the sonic method 1s not subject to lag, other
than the insignificantly small amount incurred by the radiosonde temperature
element in rising with the balloon.

Because the sonic method was more accurate than the radar method for Mach
numbers greater than 2 when boresight corrections were no longer available, as
a consequence of the increased tracking ranges, the sonic method was adopted
exclusively for X-15 calibration purposes. As a result, all of the flush static
data in this paper were determined by this method. As previously mentioned, the
nose-boom calibration (obtained at shorter ranges) was achieved entirely by the
radar method, although most of the data were determined without boresight
corrections, especially at supersonic speeds. The small amount of data that
contains boresight corrections is accurate to about 0.0l to 0.02 in Mach number,
based on reference 4.

Interpretation of Recorded Static Pressures

Although the major pressure error is position error, the other errors must
also be taken into account.

Recorder errors.- For both the nose-boom and flush static systems, NACA
aneroid absolute-pressure and differential-pressure recorders were used. Each
recorder had two cells with ranges of O to 30 inches and O to 3 inches of
mercury. According to curves presented in reference 3, the maximum Mach number
error resulting from static-pressure error assoclated with this combination of
cells for altitudes up to 80,000 feet (the highest altitude at which calibration
data were attained) is about 1 percent. However, for most altitudes for which
the more-sensitive cell can be used (above about 50,000 ft) the errors are less
than 0.25 percent. Similarly, from reference 3, it is estimated that the
maximum error resulting from differential-pressure errors is 1 percent of the
Mach number or less for the flight conditions of the calibration data.

Static-probe errors.- Wind-tunnel calibration data (see refs. 5, 12,
and 13) indicate that the variation in static-pressure error of the standard
NACA pitot-static tube caused by angle of attack is generally less than 1 per-
cent of the impact pressure up to an angle of attack of 15°; the variations
resulting from sideslip angles below 3° are less than 2 percent. These errors
correspond to Mach number errors of 0.5 percent and 1 percent, respectively, at
Mach numbers greater than 3 and 0.008 and 0.016 at a Mach number of 1. Nose-
boom calibration data were not obtained, however, at sideslip angles greater
than about 1°. Of course, the pressure errors for the flush static vents due to




small protuberances or variations in skin contour are not known, but they are
not believed to be excessive (ref. 15).

Pressure lag.- Ground calibrations were made of the static-pressure lags of
both systems. The sea-level-lag constant was determined to be 0.014 second for
the nose-boom installation and 0.008 second for the flush static system. Cali-
bration data for the nose-boom static pressures were corrected for lag when the
resulting errors were in excess of 0.01 in Mach number. The calibration data
for the flush static pressures were not corrected for lag. The errors are
generally small, but errors near 0.04 in Mach number can result when data
correspond to altitudes near 80,000 feet.

External flow effects.- The exhaust and intake of air out of and into the
static orifices, caused by external interference, produce an effect similar to
lag. From the results of investigations of this effect on the NACA type of
pitot-static tube (refs. 16 and 17), it was determined that resulting Mach
number errors are negligible for the X-15 installation. Therefore, no correc-
tions were made for either system.

Specific-heat effects.- When the Rayleigh pitot formula (ref. 18) is used
to calculate Mach number by the radar method, the variation of the ratio of
specific heats for air 7 must be considered at high stagnation temperatures
for Mach numbers exceeding about 2. In the study of reference 1, values of Y
were used from reference 19 for calculating the maximum Mach number achieved
with the nose boom. Representative data from reference 1 are included in the
calibration data presented in this paper. All of the remaining nose-boom
calibration data presented were similarly corrected when the variation of y
caused an error in excess of 0.0l in Mach number. The maximum Mach number error
was approximately 0.02, occurring at 3.31, the peak Mach number attained with
the nose boom.

The flush static calibration data, cbtained by the sonic method, are
affected differently by 7 than are the nose-boom data. Inasmuch as the radar
and rawinsonde measurements are not significantly sensitive to 7 variations,
only the calculation of M' is materially affected by a varying specific-heat
ratio. However, the M' data presented herein were not corrected for this
variation. The calibration data presented, then, effectively show free-stream
Mach number for values of 7 based on the standard specific-heat ratio of 1..4.
The difference between M and M', essentially, is the correction that should
be applied to the pilot's Mach meter reading, since this meter is subject to
the same position error and is calibrated by using the Rayleigh pitot formula
based on a constant 7. A part of the scatter in M' based on 7 = 1.4 is
attributed to the different ambient temperatures encountered during calibration.
It is estimated that the maximum scatter in M' due to this effect is only
about 0.0l. Reference 20 presents more detailed information on ¥ effects.



Summary .- The following table summarizes these errors, excluding nonambient
effects for the flush static system:

Nose boom Flush static
Source
M=1 M= 3 M=1 M= 3 M=5
Recorder
P 0.007 0.010 0.007 0.010 0.010
de .008 0] .008 0] 0
Static-probe
errors
o effects .008 NonL; N [N I [ ——
B effects .008 020 | eeme- | e ] -
Lag 0] .005 0 .02 .04
Flow effects 0 .002 0 Unknown Unknown
v effects 0 .01 0 .01 .01
Total 0.031 0.062 0.015+ 0.040+ 0.060+

The errors associated with lag, external flow effects, and 7 effects are
additive in a climb and tend to lower M'; whereas, the errors associated with
v are of the opposite sign to the other errors in a dive. It is assumed that
signs of the recorder errors are not generally dependent on altitude changes.

RESULTS AND DISCUSSION

Pitot-Probe Pressure Measurements

Subsonic.- The accurate measurement of stagnation pressure on aircraft at
subsonic speeds is usually attained easily with properly designed pitot probes
(refs. 5, 6, and 21). With the nose-boom configuration, however, an undesirable
sensitivity to angle of attack was evidenced in the stagnation-pressure
measurements from the pilot's pitot probe ahead of the canopy (fig. 8(a)). The
true stagnation pressures for the data of this figure were recorded from the
nose boom.

The magnitudes of the errors shown in figure 8(a) were undesirable for
airspeed presentation to the pilot for the very critical landing approaches of
the X-15. A flight investigation was conducted, therefore, to find a more
accurate probe or a better location for sensing stagnation pressure. A sleeve
having a sharp lip and a 30° conical internal chamber to minimize flow-
sensitivity effects (ref. 6) was attached to the pilot's pitot probe. An exper-
imental probe with basic geometry similar to the modified probe was installed
at station 17, on the top of the fuselage at the centerline. Figures 8(b)
and 8(c) show that no improvement resulted from pressures measured by these two
probes.



When the nose boom was replaced with the ball nose, the investigation using
a calibrated reference stagnation source was necessarily terminated. By
comparing the stagnation pressures recorded from the pilots' pitot probe with
those recorded from the ball nose, it was found that the pressures sensed by
the pilots' pitot probe were not affected by angle of attack for the ball-nose
configuration at subsonic speeds. Figure 9, which shows the ratio of stagnation
pressure measured by the pitot probe to that measured by the ball nose ag a
function of Mach number for 5° increments of angle of attack, indicates that no
significant differences occur at subsonic speeds.

An X-15 model wind-tunnel investigation (ref. 22) both verifies and
explains the results of the flight data. This investigation showed that stagna-
tion pressures measured in the proximity of the X-15 pilots' probe are sensitive
to angle of attack when the nose of the aircraft includes a nose boom. But, for
either a rounded or pointed nose, the stagnation pressures were found to be
insensitive to angle of attack. Reference 22 concludes that the stagnation-
pressure errors probably result from the vorticity shed by the nose boom.

Supersonic.- Figure 9 shows that stagnation-pressure calibration data
obtained at supersonic speeds are considerably affected by angle of attack
above M = 1.8, due to local flow characteristics, complicated by the location
of the probe behind the aircraft bow wave. The data can be approximated by
calculated curves as shown for angles of attack of 0°, 10°, and 20° (assuming no
errors in stagnation pressures sensed by the ball nose). The curves for 0°
and 10° were calculated by using the well-known tangent-cone approximation; the
curve for 20° was calculated by using a Prandtl-Meyer expansion from the tip of
the nose back to the probe station. The curves, in general, agree with the
data, even though secondary factors such as vortex effects were not included.

In contrast to stagnation pressures sensed by the pilots' pitot probe, the
stagnation pressures sensed by the ball nose are not subject to angle-of-attack
effects, inasmuch as the ball is affected only by a normal shock. The stagna-
tion-pressure losses behind the normal shock can be accurately determined by the
Rayleigh pitot formula, except for extreme rarefied flow conditions (see refs. 23
and 24).

Static-Pressure Position-Error Calibrations

Subsonic and transonic.- Figures 10 and 11 show the subsonic and transonic
calibration data in terms of free-stream Mach number and indicated Mach number
for the nose-boom installation and the flush static installation, respectively.
The nose-boom calibration data are not referenced to angle of attack, since
these data, as well as other NACA standard nose-boom flight data, have shown the
angle-of-attack effects to be small up to @ = 12°. The position error charac-
teristically drops to near zero at a Mach number slightly greater than 1.0,
corresponding to the passage of the aircraft bow wave.

The flush static calibration data (fig. 11) are shown for various angles
of attack. Sensitivity of position error to angle of attack for subsonic speeds
is not evident from the data.



Supersonic.- The calibrations for the two systems for Mach numbers greater
than 1.2 are presented in figure 12 and in figures 13(a) and 13(b). Again, as
for subsonic speeds, no effect of angle of attack was expected, or found, for the
nose-boom calibration. However, for Mach numbers greater than 2, the data
indicate that the position error increases significantly with Mach number.
Apparently, these errors are caused by the interference of the NACA pitot-static
tube with the flow field, rather than the interference of the airplane with the
field, inasmuch as the airplane bow wave is well to the rear of the static
orifices. Included in the figure are data, for « = 0°, of an isolated pitot-
static tube calibrated in a wind tunnel, as reported in reference 15.

The flush static calibration (figs. 13(a) and (b)) at supersonic speeds
shows much larger errors than the nose-boom calibration (fig. 12). Large varia-
tions with angle of attack are evidenced, despite scatter. The higher angle-of-
attack data reflect smaller position errors.

Flush static sideslip effects.- The flush static system incorporates two
manifolded orifices, as previously described, for reducing the static-pressure
errors caused by sideslip. No position-error effect has been found for sustained
angle of sideslip up to about 3°. However, for oscillatory angle-of-sideslip
changes, definite sensitivity has been exhibited, as seen in figure 14 which
shows M', M, and B during different periods of a flight. Although these
errors are not generated in stable flight and do not materially affect the
pilots' performance, they do indicate that diametrically opposed side-fuselage
orifices even when manifolded do not always compensate for variations in
sideslip.

Comparison of Position-Error Calibrations

Figures 15(a) and 15(b) compare the position-error calibrations of the two
and éﬁ. The curves were determined from the

C
calibration data presented in the preceding section. The curves for the NACA
pitot-static tube were used for correcting Mach number and pressure altitude in
reducing basic X-15 flight data. The curves for the flush static system, shown
up to a maximum Mach number of L4 for three angles of attack, are not accurate
calibration curves for reduction of basic flight data above M = 1, but are
included to provide a general comparison with the nose-boom data.

systems in terms of M, Ahp,

Subsonically, the two systems result in Mach number and pressure-altitude
errors of approximately the same magnitudes. Supersonically, the systems
indicate markedly different magnitudes of errors. The maximum Mach number and
pressure-altitude errors for the nose-boom installation are 0.18 and 2,200 feet,
respectively, occurring at the maximum Mach number of 3.31 attained with the
nose-boom installation. At the same Mach number, the corresponding errors for
the flush static system are 0.88 and 12,400 feet for « = 0° and 0.50 and
6,300 feet for «a = 12°. For the flush static system, as with the nose-boom
installation, the maximum Mach number and altitude errors occur at the maximum
Mach number tested. These errors are 1.25 in Mach number and 15,200 feet in

10



altitude for o = 0° and 0.77 and 8,800 feet for « = 12° at a Mach number
of k.

Unlike the errors associated with the flush static system, which are
attributed to aircraft disturbance of the ambient-pressure field, the errors for
the nose-boom installation can be almost entirely attributed to tube disturbance
of the airflow at supersonic speeds. Once a particular pitot-static tube is
calibrated in a wind tunnel, it may be installed on any nose boom of nominal
length without an extensive flight calibration at supersonic speeds, with one
minor exception: It is sometimes necessary to calibrate for the effect of the
aircraft bow-wave interaction with the boundary layer which may cause a complex
shock pattern in the vicinity of the pitot-static-tube orifices. This error is
small, however, and is limited to a narrow Mach number range at low supersonic
speeds (ref. 25).

Analysis of Possible Static-Pressure-Sensing Locations

Nose section.- The data of figures 13(a) and 13(b) illustrate the
importance of selecting fuselage static orifices that result in minimum pressure
sensitivity to angle of attack at supersonic speeds. Another consideration in
the selection of fuselage orifices for supersonic use is to minimize associated

static-pressure coefficients Cp which are approximately constant with Mach

number at a constant angle of attack. This is important because as dynamic
pressure increases with the square of Mach number, the static-pressure error
increases at the same rate to keep the coefficient constant. Figure 16 shows
the Mach number errors that correspond to various values of static-pressure
coefficient over the Mach number range from O to 10.

With the preceding considerations as prime reguisites, X-15 model wind-
tunnel static-pressure data (refs. 26 and 27) were analyzed to find an optimum
location on the X-15 ogive nose for sensing static pressures at supersonic
speeds. Figure 17 shows the variations of static-pressure coefficient for
fuselage station 50 against fuselage circumferential angle for various Mach
numbers and angles of attack. Apparently, a meridian angle between 80° and 85°
would be better than the now-used 98° for decreasing static-pressure sensitivity
to angle of attack for the supersonic Mach numbers investigated. However, the
average static-pressure coefficient of 0.1 would be gbout the same as
experienced at the present location.

Figure 18 is presented to show the mean magnitude of static-pressure
coefficient corresponding to the meridian angle that results in minimum
sensitivity to angle of attack for various stations on the nose. Apparently,
only circumferential locations (specified in following figure) near station 131
would result in both minimum pressure sensitivity to angle of attack and mean
values of the static-pressure coefficient near zero. A closer inspection of the
wind-tunnel data for fuselage station 131 (fig. 19) indicates that a meridian
angle of approximately 80° appears to be optimum for the Mach number range
from 2.30 to 4.65. However, a variation of about *0.025 in static-pressure
coefficient would occur for angle-of-attack variations from 0° to 15°, which is
similar to the static-pressure-coefficient variation with angle of attack for
the best circumferential location at station 50 (fig. 17).
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Analysis of the wind-tunnel data shows that no location on the fuselage
nose of the X-15 is significantly insensitive to angle-of-attack variations for
Mach numbers between 2.30 and 4.65.

Base locations.- Base pressure measurements on the X-15 (ref. 28) indicate
that static-pressure coefficients may be less affected by angle of attack at
base locations than at locations on the ogive nose. However, additional research
is needed to ascertain if significant improvement could be gained by utilizing
base pressures for airspeed applications.

CONCLUSIONS

Static-pressure and stagnation-pressure calibration data obtained to define
position errors both subsonically and supersonically for the various airspeed-
altitude installations on the X-15 airplane led to the following conclusions:

1l. Stagnation pressures from the pilots' pitot probe located ahead of the
canopy were very sensitive to angle of attack above a Mach number of 1.8, since
the probe was not located ahead of the aircraft bow wave.

2. The nose-boom static pressures, although relatively insensitive to
angle of attack up to the maximum encountered of 12°, resulted in Mach number
and pressure-altitude errors that increased with Mach number. At the maximum
Mach number of 3.31 attained with the nose boom, the absolute errors were 0.18
in Mach number and 2,200 feet in pressure altitude.

3. The flush static system, unlike the nose-boom system, was significantly
sensitive to angle of attack at supersonic speeds. At a Mach number of 3.31,
the absolute Mach number and pressure-altitude errors were 0.88 and 12,400 feet,
respectively, for 0° angle of attack; for the same Mach number, but at an angle
of attack of 12°, the corresponding absolute Mach number and pressure-altitude
errors were 0.50 and 6,300 feet, respectively.

L, Similar to the nose-boom installation, above the transonic region the
Mach number and pressure-altitude errors of the flush static system increased
with Mach number. The errors at a Mach number of 4.0 for an angle of attack
of 0° resulted in Mach number and pressure-altitude errors of 1.25 and
15,200 feet, respectively.

5. The study indicated that a nose-boom static-pressure installation is
more suitable from the standpoint of position error and ease of calibration than
a flush static system in the speed range from low subsonic to the highest Mach
number (3.31) investigated with the nose-boom installation.

Flight Research Center
National Aeronautics and Space Administration
Edwards, Calif., December 7, 1962
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Figure 1.- Photograph of the X-15 airplane with nose boom.
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Figure 2.- Photograph of the X-15 airplane

with ball nose.
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Figure 3.- Three-view drawing of the X-15 with ball nose. All dimensions in feet.
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Figure 4.- Bottom view of X-15 nose-boom pitot-static tube.
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Figure 5.- Photograph of pilot's pitot probe.
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Figure 6.-

o 02

Photograph of X-15 ball nose.
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Figure 9.- Ratio of stagnation pressure measured by pilot's pitot probe to the stagnation

pressure measured by the ball nose as a function of Mach number.
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Figure 10.- Subsonic and transonic position-error calibration for the nose-boom
system. a = 0° to 12°.
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